women, blacks, and people with hypertension, the metabolic syndrome, or renal disease. The increased risk of cardiovascular disease observed with Westernization of native peoples, immigration to Western countries, and movement from rural to urban communities also correlates with increased uric acid levels. 17 Furthermore, the sharp rise in hypertension, obesity, diabetes, and kidney disease in the United States over the past 100 years has also been associated with a progressive rise in serum uric acid levels. 17 Mean uric acid levels in men increased gradually from less than 3.5 mg per deciliter (210 μmol per liter) in the 1920s to 6.0 to 6.5 mg per deciliter (360 to 390 μmol per liter) in the 1970s. 18-21 Women tend to have lower levels (by 0.5 to 1.0 mg per deciliter [30 to 60 μmol per liter]) than men, probably because of the uricosuric effect of estrogens. 22 To investigate the role of uric acid in disease, epidemiologists have often used multivariate analyses to assess whether an elevated uric acid level is an independent cardiovascular risk factor. Using this approach, a number of studies have suggested that uric acid is not independent of other established risk factors, especially hypertension, for the development of cardiovascular disease. 14, [23] [24] [25] Consequently, some expert groups have argued that studies indicating uric acid is an independent risk factor did not sufficiently control for other known risk factors. Furthermore, if uric acid were a risk factor, then a mechanism by which uric acid could cause cardiovascular disease should be apparent. Others have posited that one of the main functions of uric acid is its role as an antioxidant, which, if anything, would make it beneficial to people with cardiovascular disease. 26, 27 Finally, the elevation of uric acid levels in patients with cardiovascular disease could simply be a result of the common presence of factors such as reduced glomerular filtration rate, hyperinsulinemia, renal vasoconstriction, or diuretic use (all of which reduce net renal excretion of uric acid) or of alcohol use, tissue ischemia, or oxidative stress (which may increase uric acid generation). [28] [29] [30] A similar argument has been made for the association of elevated uric acid levels with chronic kidney disease. Before drugs that lower uric acid level became available, more than 50% of patients with gout had some renal insufficiency and nearly 100% had renal disease at autopsy. 31, 32 The kidney lesions in patients with gout are characterized by advanced arteriolosclerosis, glomerulosclerosis, and interstitial fibrosis, often with the presence of urate crystals in the outer medulla. 32 The presence of such urate deposits gave rise to the name "gouty nephropathy" for this condition. However, the hypothesis that renal injury was caused by the deposition of urate crystals seemed flawed or incomplete, considering that the crystal deposition was focal and thus unlikely to explain the diffuse nature of the disease and that crystals could also be found in normal kidneys in the absence of inflammation. Furthermore, the most characteristic findings, which are advanced arteriolosclerosis and glomerulosclerosis, are indistinguishable from those observed with longstanding hypertension or age-related glomerulosclerosis and may simply reflect the fact that most patients with gout have hypertension and are older. 33 Consequently, for the past 30 years there has been a widespread belief that uric acid is unlikely to be a risk factor for renal disease. 34 Ur ic Acid a nd C a r diova scul a r Dise a se -A R e a ppr a isa l
Several events have led to the ongoing reappraisal of the role of uric acid in cardiovascular disease. Some studies that have controlled for multiple risk factors suggest that uric acid may be an independent risk factor for both cardiovascular disease 13,35-37 and kidney disease. 38-40 Other stud- Should we accept the assumption that to be defined as "causal," a factor must be independent of other risk factors? In effect, this assumption has already been challenged by reports that elevated uric acid levels must be both a direct and an indirect cause of renal disease and cardiovascular disease. For example, Yu and colleagues reported that renal disease developed in 40% of patients with gout, but they argued that uric acid was probably not the cause of the disease since hypertension -a much more likely cause of renal disease -also developed in most of these patients. 33 The Framingham Heart Study reported that uric acid was not a causal risk factor for cardiovascular events because uric acid was not independent of hypertension. 14 However, if uric acid caused hypertension, and hypertension caused kidney disease and heart disease, then uric acid might not be independent of hypertension when evaluated as a risk factor for kidney or heart disease.
H y perur icemic H y pertension
Recent experimental and clinical evidence supports the possibility that an elevated uric acid level may lead to hypertension (Table 2) . Numerous studies have reported that hyperuricemia carries an increased relative risk for hypertension developing within 5 years, independent of other risk factors (Table 3) . 41-56 Studies of uric acid levels and the development of hypertension have generally been consistent, continuous, and of similar magnitude. Hyperuricemia is also common among adults with prehypertension, 63 especially when microalbuminuria is present. 64 The observation that hyperuricemia precedes the development of hypertension indicates that it is not simply a result of hypertension per se. Only one study showed that uric acid did not predict the development of hypertension, and it involved subjects in whom hypertension had developed after the age of 60 years. 43 Hyperuricemia is also more common in primary hypertension than in secondary hypertension, at least in adolescents. 11 In one study an elevated uric acid level (>5.5 mg per deciliter [330 μmol per liter]) was observed in nearly 90% of adolescents with essential hypertension, whereas uric acid levels were significantly lower in controls and teens with either white-coat or secondary hypertension. 11 The observation that uric acid levels were not elevated in secondary hypertension also reduces the likelihood that the hyper urice mia results from hypertension. Interestingly, the relationship of uric acid levels to hypertension in people with established hypertension varies. In some studies hyperuricemia is present in 40 to 60% of subjects with untreated hypertension, 2,65,66 whereas other studies reported lower frequencies. 2, 67 Some of the variability might be due to the inclusion of patients with secondary hypertension in various reports. Furthermore, the strength of the relationship between uric acid level and hypertension decreases with increasing patient age and duration of hypertension, 68 suggesting that uric acid may be most important in younger subjects with early-onset hypertension.
The development of a model of mild hyperuricemia in animals provided the first direct evidence that uric acid elevation may lead to bloodpressure elevation. In this regard, it is worth noting that humans and apes have higher uric acid levels than most other mammals, since they lack the hepatic enzyme uricase, which degrades uric acid to allantoin. To render rats hyperuricemic (which is necessary in order to use them as an animal model), they are treated with a uricase inhibitor. In this model, several weeks after the uric acid level is increased, hypertension develops. In such animals, blood pressure correlated directly with serum levels of uric acid and decreased when uric acid was reduced with either a xanthine oxidase inhibitor or a uricosuric agent. 59 In this model, the hypertension was shown to be due to uric acid-mediated renal vasoconstriction resulting from a reduction in endothelial levels of nitric oxide, with activation of the renin-angiotensin system. [69] [70] [71] Consistent with these observations, elevated uric acid levels in humans also correlate with endothelial dysfunction and increases in plasma renin activity. [72] [73] [74] [75] Over time, microvascular renal disease -with histology that is similar to arteriolosclerosis, the classic lesion of essential hypertension -develops in rats with hyperuricemia. 70, 76 The observation that the microvascular changes still developed, even when blood pressure was controlled by a diuretic, coupled with the demonstration of direct effects of uric acid on endothelial cells and vascular smooth-muscle cells, suggests that uric acid may cause microvascular disease independently of hypertension. 77, 78 For example, in experiments with cultured vascular smooth-muscle cells, uric acid induces cellular proliferation, inflammation, oxidative stress, and activation of the local renin-angiotensin system. 59, 69, 77, 79, 80 The development of renal microvascular lesions may provide an additional mechanism by which uric acid can cause hypertension. For example, similar microvascular lesions can be induced in rats with normal serum levels of uric acid through the infusion of angiotensin II or blockage of nitric oxide synthesis. Once these lesions are induced, a salt-sensitive hypertension develops and persists even when infusion of angiotensin II is stopped or the blockade of nitric oxide synthesis is reversed. 81, 82 In another study of rats with hyperuricemia, when the uricase inhibitor was stopped after renal microvascular disease and interstitial inflammation had become pronounced, blood pressure would improve only if the rats remained on a low-salt diet. 76 Both the experimental and human studies provide a possible explanation for how uric acid might cause hypertension in humans (Fig. 1) . Furthermore, the experimental studies provide a rationale as to why uric acid would be linked with newly diagnosed or early-onset hypertension, since subjects with longstanding hypertension might already have renal microvascular disease that could be primarily responsible for their current hypertensive condition. Preliminary clinical trial data also support a role for uric acid in early-onset primary hypertension. After an open-label pilot study in 5 adolescent patients with hypertension, which indicated that allopurinol lowered blood pressure, 79 a double-blind, placebo-controlled crossover trial was performed in 30 adolescents with hyperuricemia and hypertension. 62 In this trial, treatment with allopurinol was associated with a significant reduction in both casual (measured at the physician's office) and ambulatory blood pressure, and the reduction was similar in magnitude to that achieved with most antihypertensive agents (−6.9±4.4 mm Hg and −5.1±2.4 mm Hg as compared with −2.0±0.4 and −2.4±0.7 for placebo for casual systolic and diastolic blood pressure, respectively [P = 0.007 and P = 0.03]). 62 For patients in whom uric acid levels decreased to less than 5 mg per deciliter (300 μmol per liter) during allopurinol therapy, blood pressure became normal in 86% (19 of 22 patients), as compared with 3% (1 of 30) during the placebo phase of the study. 62 There has been a major increase in the prevalence of hypertension worldwide, and there is evidence that uric acid levels are rising as well. 18-21 Might these two observations be linked? 82 It is widely believed that the increased prevalence of obesity has contributed to the increased prevalence of hypertension. 83 Over the past 200 years there has been a large increase in fructose intake in the developed world, an increase that correlates temporally with increases in hypertension and obesity. 84, 85 Fructose is unique among sugars in that it rapidly causes depletion of ATP and increases both the generation and the release of uric acid. 86 Experimental data support a link between fructose intake, hyperuricemia, and increases in blood pressure. For example, the development of hyperuricemia, hypertension, and a metabolic-like syndrome with renal hemodynamic and histologic changes very similar to those observed with hyperuricemia has been reported in rats fed with fructose. Treating these rats with xanthine oxidase inhibitors, including allopurinol or febuxostat, lowered uric acid levels and partially prevented these changes. 60, 87 Epidemiologic studies have also linked fructose intake with increased risk of hyperuricemia 88, 89 and the metabolic syndrome. 90,91 Furthermore, although some controversy exists as to whether fructose can induce hypertension in rats, the administration of high-fructose diets to humans can induce many features of the metabolic syndrome, including an acute rise in blood pressure. 92, 93 Thus, one might speculate that fructose-induced hyperuricemia could have a role in the increased prevalence of hypertension worldwide. 60, 85 The ingestion of other foods (such as purine-rich fatty meats) or drinks (such as beer) or exposure to Excessive intake of fructose or purine-rich meats or exposure to low doses of lead may result in chronic hyperuricemia. Mothers with high uric acid levels that are the result of diet or conditions such as preexisting hypertension, obesity, or preeclampsia may transfer uric acid into the fetal circulation through the placenta, which may ultimately contribute to intrauterine growth retardation (IUGR) and a reduction in nephron number. Among babies born with a low nephron number, hyperuricemia may develop in childhood because of genetic or environmental factors. Chronic hyperuricemia would stimulate the renin-angiotensin system and inhibit release of endothelial nitric oxide, contributing to renal vasoconstriction and possibly increasing blood pressure. Persistent renal vasoconstriction may contribute to arteriolosclerosis and the development of salt-sensitive hypertension, even if the hyperuricemia is corrected. ROS denotes reactive oxygen species.
The toxins (such as lead, in amounts adequate to cause low-level lead poisoning) that alter uric acid levels may also contribute to elevated uric acid levels and a "hyperuricemic" form of hypertension. In addition to diet, there is evidence that low birth weight increases the risk of hypertension and obesity later in life. 94 Among the mechanisms by which low birth weight might lead to an increased risk of hypertension is a congenital reduction in nephron number. 95 Although there is little direct evidence for this hypothesized mechanism in humans, in one report Keller et al. observed that 10 white subjects with essential hypertension who died in traffic accidents had fewer nephrons than 10 age-matched controls who died similarly. 96 It is known that mothers who give birth to infants with a low birth weight or infants who are small for gestational age frequently have conditions associated with hyperuricemia, such as preeclampsia, essential hypertension, and obesity. 78 Uric acid transfers freely from maternal to fetal circulation, and high levels of maternal and fetal uric acid correlate with lower birth weight among infants. 8, 97 Given the antiangiogenic effects of elevations in uric acid, 77 it is possible to speculate that such elevations could contribute to low birth weight and reduced nephron number, which might predispose a child to the development of hypertension later in life. 78 If a child's parent is obese or has hypertension, it is more likely that similar conditions will develop in the child because of genetic or environmental (dietary) traits. In one study, Franco et al. reported that children between 8 and 13 years of age who had been low-birth-weight infants had relatively high uric acid levels and evidence of endothelial dysfunction, though none had hypertension. 98 Another study reported that children whose parents have a history of hypertension have higher uric acid levels, a higher body-mass index (BMI), and higher levels of triglycerides independent of hypertension. 99 Both lean and obese children of parents with hypertension have been observed to have a low fractional excretion of uric acid and evidence of higher plasma renin activity and increased proximal sodium reabsorption. 100 We previously reported that adolescents with essential hypertension had relatively high uric acid levels that correlated inversely with their birth weights. 11 It is also possible that genetic polymorphisms of transporters or enzymes involved in uric acid metabolism affect blood pressure, especially in younger subjects. For example, hypertension has been associated with polymorphisms of xanthine oxidoreductase. 101 Solute carrier family 2, member 9 (SLC2A9) is a newly identified fructose and uric acid transporter in which several genetic polymorphisms have been identified that are associated with an increased risk of gout. 102, 103 Nevertheless, these polymorphisms were not observed to be associated with hypertension. 102 This result may indicate that uric acid is not a direct causal risk factor for hypertension, or it might reflect the fact that polymorphisms in SLC2A9 account for only a small fraction of the variance in serum uric acid, meaning that it may be difficult to detect an effect. 102, 103 Ur ic Acid, the Me ta bolic S y ndrome , a nd Di a be tes Increasing evidence suggests that uric acid may play a role in the metabolic syndrome. Historically, the elevated level of uric acid observed in the metabolic syndrome has been attributed to hyperinsulinemia, since insulin reduces renal excretion of uric acid. 30 Hyperuricemia, however, often precedes the development of hyperinsulinemia, 12,104 obesity, 48 and diabetes. 51,57,105 Hyperuricemia may also be present in the metabolic syndrome in people who are not overweight or obese. In one study only 5.9% of subjects with a normal BMI and a uric acid level of less than 6.0 mg per deciliter (360 μmol per liter) had the metabolic syndrome; in contrast, 59% of subjects with a normal BMI and a uric acid level of more than 10 mg per deciliter (600 μmol per liter) had evidence of the metabolic syndrome. 106 The strongest evidence of a role for uric acid in the development of the metabolic syndrome has been from studies in animal models showing that decreasing uric acid levels can prevent or reverse features of the metabolic syndrome. 60, 87, 107 Two mechanisms have been suggested to explain how hyperuricemia might induce the metabolic syndrome. The first mechanism is related to the fact that glucose uptake in skeletal muscle depends in part on increases in blood flow mediated by the insulin-stimulated release of nitric oxide from endothelial cells. Features of the metabolic syndrome develop in mice lacking endothelial nitric oxide synthase. 108 The observations that hyperuricemia can induce endothelial dysfunction The principal lesions from increased uric acid in the rat are glomerulosclerosis, interstitial fibrosis, and arteriolar disease, conditions similar to those observed in "gouty" nephropathy, except for the absence of intrarenal urate crystals. 58,59
The mechanism of injury appears to be related to the development of preglomerular arteriolar disease that impairs the renal autoregulatory response and thereby causes glomerular hypertension. 112 Similar histologic findings are also present in the hereditary human disease familial juvenile hyperuricemic nephropathy.
More recent epidemiologic studies also suggest that uric acid may have a role in causing renal disease. For example, an elevated uric acid level is an independent predictor of the development of both microalbuminuria 64 and renal dysfunction in subjects with normal renal function 38-40 and is associated with an impaired glomerular filtration rate in patients with type 1 diabetes who do not have proteinuria. 113 In contrast, the uric acid level does not predict the renal progression of established chronic kidney disease, 114 suggesting that in established disease structural (and nonreversible) microvascular and glomerular lesions have already developed and are driving disease progression independently of uric acid levels. 71, 76 Recent studies suggest that lowering levels of uric acid may slow progression of renal disease, especially in patients with hyperuricemia. Siu et al. reported that the treatment of asymptomatic hyperuricemia in patients with mild renal disease (chronic kidney disease at stage 3) resulted in delayed disease progression. 9 Likewise, Kanbay et al. recently reported that treatment of asymptomatic hyperuricemia improved renal function. 61 Talaat et al. used a different approach in which they withdrew allopurinol from a group of patients with chronic kidney disease who were in stable condition. This withdrawal resulted in worsening of hypertension and acceleration of kidney dysfunction in the patients who were not taking angiotensin-converting-enzyme inhibitors. 10 O ther C a r diova scul a r Dise a ses A ssoci ated w ith H y perur icemi a Hyperuricemia is strongly associated with peripheral, carotid, and coronary vascular disease, with the development of stroke, with preeclampsia, and with vascular dementia. 7, 14, [23] [24] [25] 115 The relationship of uric acid with cardiovascular events is particularly strong, especially in patients at high risk for heart disease and in women. 116 Some of the cardiovascular benefits of losartan reported in the Losartan Intervention for Endpoint Reduction in Hypertension (LIFE) study 117 and for atorvastatin reported in the Greek Atorvastatin and Coronary-Heart-Disease Evaluation (GREACE) study 118 have also been attributed to the ability of these drugs to lower uric acid levels. Whether uric acid has a causal relationship in these conditions remains to be determined.
C av e at s a nd Fu t ur e Dir ec tions
There are several important limitations and caveats related to the recent studies we have cited in considering a causal role for uric acid in cardiovascular disease. First, most of the clinical trials we referenced are small and examined highly defined populations. For example, it is not known whether lowering uric acid levels with allopurinol will be effective in people with more severe or longstanding hypertension as compared with those in the preliminary studies cited. Nor do we know whether the beneficial effect of allopurinol observed in completed and preliminary human studies is due to the reduction of uric acid or to a reduction in xanthine oxidase-associated oxidants. Although the experimental studies suggest that the benefit results from lowering uric acid, 70,77,79,80,119,120 the improvement of endothelial function observed in patients with hyperuricemia and heart failure or diabetes occurred among patients who received allopurinol but not among those receiving other drugs designed to lower uric acid levels. 121,122 One possible explanation for this result is that xanthine oxidase inhibitors are more effective than other agents in lowering intracellular levels of uric acid, and consequently had a greater influence on intracellular regulation of endothelial vascular activity. 77 Alternatively, uric acid may be more of a marker, and the benefit of allopurinol may be the result of its ability to block xanthine oxidase-associated oxidants.
We also need a better understanding of the biologic functions of uric acid as they may relate to cardiovascular disease. Although uric acid may have proinflammatory effects on vascular cells and adipocytes, it can also function as an antioxidant. 26, 123, 124 It has been suggested that the antioxidant effects of uric acid are protective in several neurologic diseases, including multiple sclerosis and Parkinson's disease. Conversely, uric acid can also function as a pro-oxidant, either by generating radicals during its degradation or by stimulating NADPH oxidase. 109, 125 Uric acid can also stimulate innate immunity through the effects of microcrystalline uric acid on the function of dendritic cells and T cells. 126,127 Studies by our group and others also suggest a role for T cells in the pathogenesis of salt-sensitive hypertension. 128, 129 Thus, it remains possible that uric acid may have a variety of as yet incompletely defined actions in cardiovascular disease.
Right now there are not sufficient data to recommend the treatment of asymptomatic hyperuricemia. Allopurinol is not a benign drug, and may occasionally precipitate a hypersensitivity syndrome that can be fatal. The data reviewed in this article are the basis for a hypothesis that still needs to be tested. 
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